Introduction 56
Originally isolated as GTP-bound RhoA interacting proteins, the Rho-associated coiled-coil containing kinases 57 (ROCK) are members of the AGC family of serine/threonine kinases and are extensively studied regulators of 58 actin-myosin-mediated cytoskeleton contractility (Leung et al., 1995; Ishizaki et al., 1996; Leung et al., 1996; 59 Matsui et al., 1996; Nakagawa et al., 1996) . Two mammalian ROCK isoforms exist, ROCK1 and ROCK2, and 60 share 65% similarity in their amino acid sequences and 92% identity in their kinase domains (Nakagawa et al., 61 1996) . ROCK1 and ROCK2 expression patterns are largely similar in humans with higher transcript levels of 62 ROCK1 in thymus and blood and ROCK2 in brain (Julian and Olson, 2014) . ROCKs phosphorylate a number 63 of substrates predominantly tied to cellular morphology, adhesion, and motility. These actions implicate 64 ROCK1 and ROCK2 as putative therapeutic targets for a variety of human conditions, such as cancer, asthma, 65 insulin resistance, kidney failure, osteoporosis, and erectile dysfunction (Olson, 2008 Pharmacologic studies have driven much of our understanding of ROCKs in the brain, with Fasudil and 73 Y-27632 being the most widely characterized inhibitors. However these and other current ROCK inhibitors are 74 not isoform-specific and likely inhibit other kinases, including PKA and PKC, at higher doses used for in vivo 75 experiments (Davies et al., 2000) . Therefore, it is challenging to assign functions to ROCK1 or ROCK2 based 76 on the kinase inhibitors. Despite these caveats, ROCK-based drug studies continue to extend the implications 77 of this treatment strategy for brain disorders as well as illuminate basic functions of the ROCKs. For instance, 78 recent findings indicate that directed delivery of Fasudil to the prefrontal cortex enhances goal-directed 79 behavior in mice and blocks habitual response for cocaine (DePoy et al., 2017; Swanson et al., 2017) . 80
Pharmacologic inhibition of ROCKs as a therapeutic for adolescent or adult drug addiction is an exciting 81
hypothesis, yet these applications continue to raises important questions about the contribution of ROCK1 or 82 ROCK2 to the observed beneficial effects of pan-ROCK inhibitors. 83
Although ROCKs share protein substrates, including myosin light chain (MLC), myosin light chain 84 phosphatase, and LIM kinases (LIMK), evidence from genetic approaches in cell-based assays suggests 85 distinct functions of ROCK isoforms Kimura et al., 1996; Sumi et al., 2001) . Older studies 86 from homozygous knockout mice revealed major developmental problems or embryonic lethality in ROCK1 -/or 87 ROCK2 -/-, respectively; however, a different genetic background alleviated some of the effects from ROCK1 88 deletion (Thumkeo et al., 2003; Shimizu et al., 2005; Zhang et al., 2006) . Working with ROCK1 -/or ROCK2 -/-89 mouse embryonic fibroblasts, Shi et al. studied differential roles for ROCK1 and ROCK2 in regulating actin 90 cytoskeleton reorganization after doxorubicin exposure. These findings suggested ROCK1 destabilizes actin 91 via MLC phosphorylation whereas ROCK2 stabilizes actin through cofilin phosphorylation (Shi et al., 2013) . 92
Genetic exploration of ROCK1 and ROCK2 function in brain has been limited due to the complications 93 of homozygous knockout mice on mixed backgrounds. Yet despite reports indicating that ROCK1 +/and 94 ROCK2 +/mice develop normally, in vivo studies of the heterozygous models are rare (Zhang et al., 2006; Duffy 95 et al., 2009) . To this end, we independently generated new ROCK1 +/and ROCK2 +/mice on the C57BL/6N 96 background to define ROCK isoform-specific functions related to structural plasticity. The studies herein 97 provide novel distinct yet complimentary roles for ROCK1 and ROCK2 in the prefrontal cortex with implications 98 at the molecular, cellular, and organismal level. 99 100
Materials and Methods 101
Animals 102
All experimental procedures were performed under a protocol approved by the Institutional Animal Care and 103
Use Committee at the University of Alabama at Birmingham (UAB). Generation of ROCK1 +/mice are 104 described as follows: C57BL/6N-Rock1<tm1b(NCOM)Mfgc>/Tcp were made as part of the NorCOMM2 project 105 with C57BL/6N-Rock1<tm1a(NCOM)Mfgc>/Tcp mice made from NorCOMM embryonic stem (ES) cells at the 106 Toronto Centre for Phenogenomics (Bradley et al., 2012) . C57BL/6N-Rock1<tm1b(NCOM)Mfgc>/Tcp mice 107 were obtained from the Canadian Mouse Mutant Repository. ROCK2 +/mice were generated as follows: entries into each arm without re-entry into the previously explored arm. The percent of correct alternations was 137 calculated by dividing the total number of spontaneous alternations by the total number of arm entries. 138
139
Perfusions and tissue processing 140 PFA, vibratome, storage. Animals were anesthetized with Fatal Plus (Vortech Pharmaceuticals, Catalog 141 #0298-9373-68). The abdominal cavity and pericardium were carefully opened to expose the heart and mice 142 were transcardially perfused with cold 1% paraformaldehyde (PFA) for 1 min, followed by 10 min of 4% 143 paraformaldehyde (Sigma Aldrich, Catalog #P6148) with 0.125% glutaraldehyde (Fisher Scientific, Catalog 144 #BP2547). Peristaltic pump (Cole Parmer) was used for consistent administration of PFA. Immediately 145 following perfusion, the mouse was decapitated and the whole brain was removed and drop fixed in 4% PFA 146 containing glutaraldehyde for 8-12 hours at 4°C. After post-fixation, the brains were sliced in the order they 147 were perfused coronally in 250 µm increments using a Leica vibratome (VT1000S) with a speed of 70, and 148 frequency of 7. The platform was filled with cold 0.1 M PB buffer and the brain was glued (Loctite) 149 perpendicular to the stage, cerebellum side down. All slices were stored one slice per well in a 48-well plate 150 containing 0.1% sodium azide (Fisher, Catalog#BP922I) in 0.1M PB. Plates covered in parafilm are stored 151 long term at 4°C. Notably, these procedures were performed according to (Dumitriu et al., 2011) . 152 PBS, storage. Animals were anesthetized with Fatal Plus. The abdominal cavity and pericardium were 153 carefully opened to expose the heart. Mice were transcardially perfused with cold 1X PBS for 2 minutes. 154
Immediately following perfusion, the brain was extracted and dissected into two hemispheres. Each 155 hemisphere was immediately flash frozen in 2-methylbutane (Sigma, Catalog#320404), placed on dry ice, and 156 transferred to the -80°C for storage. 157 158
Iontophoretic microinjection of fluorescent dye 159
Microinjections were executed using previously described methods (Dumitriu et al., 2011) . We used a Nikon 160
Eclipse FN1 upright microscope with a 10X objective and a 40X water objective placed on an air table. We 161 used a tissue chamber assembled in the lab consisting of a 50x75 mm plastic base with a 60x10 mm petri dish 162 epoxied to the base. A platinum wire is attached in a way that the ground wire can be connected to the bath by 163 an alligator clip. The negative terminal of the electric current source was connected to the glass micropipette 164 filled with 2 µl of 8% Lucifer yellow dye (ThermoFisher, Catalog#L453). Micropipettes (A-M Systems, Catalog 165 #603500) with highly tapered tips were pulled fresh the day of use. The manual micromanipulator was secured 166 on the air table with magnets that provided a 45⁰ angle for injection. Using a brush, the brain slice was placed 167 into a small petri dish containing 1X PBS and 4',6-diamidino-2-phenylindole (DAPI) for 5 min at room 168 temperature. After incubation in DAPI, the slice was placed on dental wax and then a piece of filter paper was 169 used to adhere the tissue. The filter paper was then transferred to the tissue chamber filled with 1X PBS and 170 weighted down for stability. We used the 10X objective to advance the tip of the micropipette in XY and Z until 171 the tip is just a few micrometers above the tissue. The 40X objective was then used to advance to tip into 172 layers II and III of the prefrontal cortex. Once the microelectrode contacted a neuron, 2 nA of negative current 173 was used for 5 min to fill the neuron with lucifer yellow. After the 5 min, the current was turned off and the 174 micropipette was removed from the neuron. Neuron impalement within layers II and III occurs randomly in a 175 blind manner. If the entire neuron does not fill with dye after penetration, the electrode is removed and the 176 neuron is not used for analysis. Multiple neurons were injected in each hemisphere of the medial prefrontal 177 cortex of each animal. After injection the filter paper containing the tissue was moved back into the chamber 178 containing 1X PBS. Using a brush, the tissue was carefully lifted off the paper and placed on a glass slide with 179 two 125 µm spacers (Electron Microscopy Sciences, Catalog #70327-20S). Excess PBS was carefully 180 removed with a Kimwipe, and the tissue was air-dried for 1 min. One drop of Vectashield (Vector Labs, Catalog 181 #H1000) was added directly to the slice, the coverslip (Warner, Catalog #64-0716) was added, and was sealed 182 with nail polish. Injected tissue was stored in 4°C. 183 184
Confocal Microscopy 185
Confocal microscopy was used to capture images of pyramidal cells and dendrites from prefrontal cortex layers 186 automatically using a voxel-clustering algorithm and the following parameters: outer range: 5.0 μm; minimum 218 height: 0.3 μm; detector sensitivity: 80%; minimum count: 8 voxels; backbone length. Next, the experimenter 219 manually verified that the classifier correctly identified all protrusions. When necessary, the experimenter 220 added any semi-automatically by increasing detector sensitivity. The morphology and backbone points of each 221 spine were verified to ensure a representative spine shape, and merge and slice tools corrected 222 inconsistencies. Each dendritic protrusion was automatically classified as a dendritic filopodium, thin spine, 223 stubby spine, or mushroom spine based on morphological measurements using previously described (Boros et 224 al., 2017) . Reconstructions were collected in Neurolucida Explorer (2.70.1, MBF Biosciences, Williston, 225 Vermont) for branched structure analysis, and then exported to Microsoft Excel (Redmond, WA). Spine density 226 was calculated as the number of spines per μm of dendrite length. To characterize neuronal arbors, image 227 stacks were imported to Neurolucida 360. First, the soma was detected in three-dimensions semi-automatically 228 using sensitivity at 40-50%. Neuronal arbors were automatically detected using the following parameters: Brain region subdissection. Hemibrains were bathed in a petri dish of ice-cold PBS with protease (Sigma, 241
Catalog #S8820) and phosphatase inhibitors (Thermo Scientific, Catalog #1861277). Using a dissecting 242 microscope, brain anatomical atlas, and surgical instruments, the medial prefrontal cortex was isolated from 243 each hemibrain. All brain regions were stored at -80°C. 244
Synaptosomal preparations. Synaptosomes were prepared using the following biochemical 245 fractionation protocol as previously described (Hallett et al., 2008; Warmus et al., 2014) . Sub-dissected tissue 246 samples were bathed and homogenized for 30 seconds in TEVP buffer (10 mM Tris base, 5 mM NaF, 1 mM 247 Na 3 VO 4 , 1 mM EDTA, 1 mM EDTA) with 320 mM sucrose and protease and phosphatase inhibitors. A small volume was saved as whole homogenate (WH). Remaining sample was centrifuged at 800 x g for 10 min at 249 4°C. The supernatant (S1) was removed, and the pellet (P1) was stored in TEVP + inhibitors. S1 was 250 centrifuged at 9200 x g for 10 minutes at 4°C. The supernatant (S2) was removed and stored. The pellet (P2) 251 was resuspended in TEVP + 32 mM sucrose + inhibitors and centrifuged at 25000 x g for 20 minutes at 4°C. 252
The supernatant (LS1) was removed and stored. The pellet (synaptosome fraction) was resuspended in TEVP 253 + inhibitors and stored. Protein concentration was determined for all samples by bicinchoninic acid method 254 (Pierce), and Western blots were performed to quantify protein content according to our previously described 255 methods (Herskowitz et al., 2011) . To test cognition, EPM was used to assess potential anxiety-like behaviors (Hogg, 1996) . The amount of time 292
spent in the open arms was reduced significantly in male and female adult ROCK1 +/or ROCK2 +/mice 293 compared to ROCK1 +/+ or ROCK2 +/+ , respectively (P=0.0024, t(30)=3.318 for ROCK1 +/and P= 0.0486, 294 t(26)=2.069 for ROCK2 +/-) ( Fig. 1 A, 
E). Similar locomotor activity was observed among all genotypes in the 295
Open field test and no differences in working memory was observed in Y-maze ( Fig. 1 B, C, D, F, G, H) . These 296 results indicate that genetic reduction of ROCK1 or ROCK2 induces anxiety without grossly affecting general 297 activity or basic working memory components. 298
299

ROCK1 reduction alters prefrontal dendritic morphology 300
The medial prefrontal cortex (mPFC) is required for normal anxiety-related behaviors in the EPM (Shah et al., resolution confocal laser scanning microscopy and neuronal 3D reconstructions for morphometry analysis (Fig.  305 2). A total of 166 dendritic segments from 84 fluorescent dye-filled neurons were imaged for arbor and dendritic 306 spine morphometric analyses (17 ROCK1 +/+ , 19 ROCK1 +/-, 23 ROCK2 +/+ , 25 ROCK2 +/-), including 7337, 3845, 307 4548, 7685 spines in ROCK1 +/+ , ROCK1 +/-, ROCK2 +/+ , ROCK2 +/mice, respectively. 308
Examination of dendritic length in ROCK1 +/+ and ROCK1 +/mice by scholl analysis revealed a main 309 effect of genotype by two-way ANOVA on apical and basolateral dendrites (F (1, 426) = 10.89, P = 0.0010 and F (1, 310 370) = 7.083, P = 0.0081, respectively) ( Fig. 3 A, C) . Furthermore, apical and basolateral dendrite intersections 311 were increased in ROCK1 +/mice (F (1, 426) = 10.86, P = 0.0011 and F (1, 370) = 13.08, P = 0.0003, respectively) 312 ( Fig. 3 B, D) . Examination of apical and basolateral dendritic length or intersections in ROCK2 +/+ and ROCK2 +/-313 mice revealed no statistically significant main effects of genotype ( Fig. 3 E-H) . These data suggest that ROCK1 314 heterozygosity induces increased dendritic length and complexity at the apical and basal poles of pyramidal 315 neurons in the mPFC. However, neuronal architecture at the dendrite level remains relatively normal with 316 ROCK2 heterozygosity. 317 318
Effects of ROCK1 or ROCK2 heterozygosity on prefrontal dendritic spine morphology 319
In vitro and in vivo studies indicate that small molecule inhibitors of ROCKs can increase or decrease dendritic 320 spine density, depending on the experimental paradigm, and our previous work demonstrated that pan-ROCK 321 inhibition alters spine morphology in cultured hippocampal neurons (Kang et al., 2009; Hodges et al., 2011; 322 Newell-Litwa et al., 2015; Swanger et al., 2015) . However due to the lack of isoform-specificity with pan-ROCK 323 inhibitors, the contribution of ROCK1 or ROCK2 to the observed structural phenotypes could not be 324 determined. Thus, we addressed how genetic depletion of ROCK1 or ROCK2 may affect mPFC dendritic spine 325 morphology. Architectural features of spines were delineated from high-resolution optical stacks of dendrites in 326 fluorescent Lucifer yellow-filled pyramidal neurons using Neurolucida 360 (Fig. 4) . Unlike GFP-expressing mice 327 or viral-mediated fluorescent strategies, this technique targets individual neurons and generates information 328 that is comparable to serial section transmission electron microscopy but substantially less prone to the 329 sampling errors common in Golgi-based approaches (Dumitriu et al., 2011) . 330
Spine morphology influences excitatory neurotransmission and synaptic plasticity, and spines can be 331 classified on the basis of their three-dimensional structure as stubby, mushroom, or thin (Harris et al., 1992;  basolateral dendrites among ROCK1 +/+ and ROCK1 +/mice revealed no main effect of genotype by two-way 334 ANOVA. This analysis included thin, stubby, and mushroom spine populations (Fig. 5A ). To further analyze 335 spine structure, the cumulative distribution of apical and basolateral spine extents (length), head dimeters, and 336 neck diameters for ROCK1 +/+ and ROCK1 +/mice were plotted. The cumulative frequency plots of apical spines 337 indicated that extent was decreased in ROCK1 +/mice (Kolmogorov-Smirnov: D=0.06705, P<0.0001), whereas 338 head diameter and neck diameter were similar to ROCK1 +/+ (Fig. 5 B-D) . The cumulative frequency plots of 339 basal spines indicated that extent was slightly decreased in ROCK1 +/mice (Kolmogorov-Smirnov: D=0.0465, 340 P=0.0372) (Fig. 5E ). Head diameter was reduced significantly in ROCK1 +/mice (Kolmogorov-Smirnov: 341 D=0.1382, P<0.0001) (Fig. 5F ), and this effect was largely driven by robust decreases in thin spine head 342 diameters (Kolmogorov-Smirnov: D=0.1304, P<0.0001) ( Fig. 5G) . Neck diameter was also decreased 343 significantly in ROCK1 +/mice (Kolmogorov-Smirnov: D=0.0879, P<0.0001) (Fig. 5H ), and this effect was 344 driven by mushroom spine populations (Kolmogorov-Smirnov: D=0.2416, P<0.0001) (Fig. 5I) . 345
Examination of dendritic spine density, including thin, stubby, and mushroom spine populations, on 346 apical and basolateral dendrites among ROCK2 +/+ and ROCK2 +/mice revealed no main effect of genotype by 347 two-way ANOVA (Fig. 6A ). To analyze spine structure, the cumulative distribution of apical and basolateral 348 spine extents, head dimeters, and neck diameters were plotted. The cumulative frequency plots of apical 349 spines indicated that extent was increased in ROCK2 +/mice (Kolmogorov-Smirnov: D=0.0702, P<0.0001), 350 predominantly driven by increased extent of mushroom spines (Kolmogorov-Smirnov: D=0.1195, P=0.0063) 351 ( Fig. 6 B-C) . Apical spine head and neck diameter were reduced significantly in ROCK2 +/mice (Kolmogorov-352 Smirnov: D=0.0610, P=0.0002; and Kolmogorov-Smirnov: D=0.0778, P<0.0001, respectively) ( Fig. 6 D-E) . 353
Thin, stubby, and mushroom spine populations contributed approximately equivalently to the effects on head 354 and neck diameter in ROCK2 +/mice. The cumulative frequency plots of basal spines indicated that extent was 355 similar in ROCK2 +/+ and ROCK2 +/mice, whereas head and neck diameter were reduced in ROCK2 +/mice 356 (Kolmogorov-Smirnov: D=0.0567, P<0.0001; and Kolmogorov-Smirnov: D=0.0541, P=0.0002, respectively) 357 ( Fig. 6 F-H) . Notably, thin spines drove the reduction in neck diameter (Kolmogorov-Smirnov: D=0.0653, 358 P=0.0003), while all spine classes contributed to decreased head diameter in ROCK2 +/mice (Fig. 6I) . 359
Collectively, these findings reveal that apical spine extent is decreased in ROCK1 +/but increased in 360 ROCK2 +/mice. Yet similar reductions in head and neck diameter were observed in apical and basolateral 361 spine populations from ROCK1 +/or ROCK2 +/mice compared to ROCK1 +/+ or ROCK2 +/+ , respectively. These 362 data support the hypothesis that both isoforms of ROCK play a role in spine head and neck diameter 363 maintenance, whereas ROCK1 and ROCK2 form a yin and yang to regulate spine extent. 364 365
Biochemical analyses of ROCK substrates in synaptic fractions from ROCK1 +/and ROCK2 +/mice 366
Because ROCK1 +/and ROCK2 +/mice displayed substantial alterations in mPFC dendritic spine morphology, 367
we explored whether there were biochemical changes in key ROCK substrates at synapses. Expectedly, levels 368 of ROCK1 or ROCK2 were decreased approximately 50% in whole homogenates (WH) and synaptosome 369 fractions in heterozygous mice compared to ROCK1 +/+ and ROCK2 +/+ (Fig. 7) . Previous reports strongly 370 suggest that ROCKs can regulate actin filaments in dendritic spines by phosphorylating LIMKs at threonine 371 505 and/or threonine 508 (pLIMK) (Sumi et al., 2001; Bosch et al., 2014) . Levels of pLIMK were decreased 372 significantly in synaptosome fractions in ROCK1 +/and ROCK2 +/mice compared to ROCK1 +/+ and ROCK2 +/+ , 373 respectively (P=0.0265, t(10)=2.600 for ROCK1 +/and P=0.0253, t(12)=2.554 for ROCK2 +/-) ( Fig. 7 B, C, E, F) . 374
In contrast, pLIMK levels were increased significantly in WH in ROCK1 +/and ROCK2 +/mice compared to 375 ROCK1 +/+ and ROCK2 +/+ , respectively (P=0.0355, t(10)=2.429 for ROCK1 +/and P=0.0004, t(11)=5.000 for 376 ROCK2 +/-) ( Fig. 7 A, C, D, F) . LIMK protein levels were similar among all genotypes in WH and synaptic 377 fractions, indicating changes in pLIMK were not the result of LIMK fluctuations ( Fig. 7 A, B, D, E) . ROCKs can 378 regulate actin-myosin contractility by phosphorylating MLC at serine 19 (pMLC), and MLC can play a critical 379 role in dendritic spine morphology and synaptic function Ryu et al., 2006) . Levels of pMLC 380
were decreased significantly in synaptosome fractions of ROCK1 +/mice compared to ROCK1 +/+ (P=0.0130, 381 t(9)=3.089 for ROCK1 +/-) but similar in ROCK2 +/+ and ROCK2 +/mice ( Fig. 7 B, C, E, F) . These results indicate 382 that heterozygosity of either ROCK isoform decreases pLIMK in synapses, correlating to reductions in dendritic 383 spine head and neck diameter in the mPFC (Figs. 5-6). Notably, changes in pMLC were selective to ROCK1 +/-384 mice, suggesting a putative mechanism to explain spine extent reduction in these animals. 385 386
Discussion
ROCKs are attractive drug targets, and out of the 29 protein kinase inhibitors that have been used to treat 388 human diseases two are pan-ROCK inhibitors: Fasudil and Ripasudil (Feng et al., 2015) . Pharmacologic 389 inhibitor studies have provided much of what we know about ROCKs in the brain, and despite the enormous 390 potential these compounds exhibit to modify human disease-progression, target-selectivity caveats have 391 fogged our view of several fundamental, basic questions. Current ROCK-based therapeutics is moving rapidly 392 toward the development of isoform-specific inhibitors, yet this promising avenue is hampered due to ambiguity 393 over ROCK1-or ROCK2-specific functions in the brain (Julian and Olson, 2014; Feng et al., 2015) . Moreover, 394 previous genetic attempts to explore ROCK1 and ROCK2 function were severely limited due to complications 395 of knockout mice homozygosity on mixed genetic backgrounds. To address this, we generated new ROCK1 +/-396 and ROCK2 +/mice on the C57BL/6N background. Through a combination of cognitive behavior, highly 397 optimized three-dimensional modeling of dendritic structure, and biochemistry, our study revealed distinct and 398 complementary roles for ROCK1 and ROCK2 in mPFC structural plasticity. 399
Although locomotor activity and working memory were normal in mice heterozygous for ROCK1 or 400 ROCK2, both genotypes exhibited anxiety-like behaviors in the EPM compared to ROCK1 +/+ and ROCK2 +/+ 401 littermates (Fig. 1) . Notably, mice exposed to the pan-ROCK inhibitor Y-27632 did not display anxiety in the 402 EPM or changes in novel object recognition tests but did exhibit enhanced spatial discrimination in Y-maze 403 (Christie et al., 2013) . The contrasting outcomes of these pharmacologic and genetic approaches may be 404 attributed to simultaneous inhibition of ROCK1 and ROCK2 or haploinsufficiency of ROCK1 or ROCK2 since 405 birth, respectively. To our knowledge, these are the first reported cognitive examinations that assess the 406 impact of ROCK1 or ROCK2 genetic depletion in rodents. Based on the similarity of EPM phenotypes, these 407 results suggested potential overlap in ROCK1 and ROCK2 function with respect to cognition at the organismal 408 level. However, at the cellular level ROCK1, but not ROCK2, heterozygosity increased dendritic length and 409 complexity of layer 2/3 pyramidal neurons in the mPFC. This implicates ROCK1 as a novel regulatory factor of 410 neuronal dendritic structure. Mirroring our findings in ROCK1 heterozygotes, intracerebroventricular infusion of 411 the pan-ROCK inhibitor Fasudil increased dendrite length in CA1 hippocampal neurons (Couch et al., 2010) . 412
Collectively, this suggests Fasudil inhibition of ROCK1 contributed predominantly to the arbor effects; however 413 other studies using Golgi-impregnation and Scholl analysis indicated that homozygous deletion of ROCK2 on 414 the CD-1 background increased dendrite length and intersections in hippocampal neurons (Duffy et al., 2009 ).
We observed no statistically significant changes in dendritic arbors of ROCK2 heterozygous mice, suggesting 416 that more robust depletion of ROCK2 may be needed or that ROCK1 can compensate under experimental 417 conditions of ROCK2 heterozygosity. 418
Past studies in cultured hippocampal neurons provided a starting point for assessing ROCK1 and 419 ROCK2 specific functions. RNAi depletion of ROCK1 increased spine extent and decreased spine head 420 diameter, whereas ROCK2 knockdown increased head diameter (Newell-Litwa et al., 2015). The findings 421 herein indicated that ROCK1 heterozygosity reduced spine extent but similarly decreased head diameter, while 422 ROCK2 heterozygosity decreased spine head diameter. Moreover, our previous in vitro studies revealed that 423 treatment with Y-27632 increased spine density as well as spine extent and width in hippocampal neurons 424 (Swanger et al., 2015) . These contrasting effects could represent in vitro versus in vivo conditions or 425 differences in cell-type (hippocampal versus mPFC pyramidal neurons). The similar global reductions in head 426 and neck diameter that were observed in mPFC apical and basolateral spine populations from ROCK1 +/and 427 ROCK2 +/mice suggests that these overlapping phenotypes likely contributed to the equivalent behavioral 428 outcomes in the EPM. Moreover, both ROCK1 +/and ROCK2 +/mice displayed decreased pLIMK in 429 synaptosome fractions, which may explain the reductions in spine head and neck diameter. Similarly, older 430 studies demonstrated that genetic deletion of LIMK reduced spine head area in hippocampal neurons (Meng et 431 al., 2002) . The observed increase in WH pLIMK is more challenging to explain. It could reflect a dysregulation 432 of alternative Rho-GTPase signaling, such as PAK1-mediated phosphorylation of LIMK (Edwards et al., 1999) , 433 under conditions of ROCK1 or ROCK2 heterozygosity, but we did not observe changes in PAK1 among 434 genotypes or biochemical fractions ( Fig. 7 A, B, D, E) . Alternatively, increased WH pLIMK may be explained 435 by compensatory phosphorylation by ROCK1 or ROCK2 when the other isoform is depleted. That ROCK1 and 436 ROCK2 appear as a yin and yang to regulate spine extent is a fascinating observation and correlates with 437 Concomitant alternations in dendritic spine extent and head diameter among apical and basolateral 442 spine populations in ROCK1 +/and ROCK2 +/mice may reflect more rapid plasticity to maintain information 443 storage (Grutzendler et al., 2002) . Notably, exposure to Y-27632 increased the magnitude of long-term 444 potentiation in adult rat brain hippocampal slices (O'Kane et al., 2004) . ROCK1-and ROCK2-mediated 445 structural plasticity of spine neck diameter is equivalently intriguing given the recent demonstration that neck 446 structural plasticity regulates excitatory postsynaptic potential while controlling the biochemical 447 compartmentalization of the overall spine shape (Tonnesen et al., 2014) . Collectively, our findings highlight 448 distinct and complementary roles for ROCK1 and ROCK1 in prefrontal cortex structural plasticity and provide a 449 fundamental basis for future development of isoform-selective ROCK inhibitors to treat neurologic disorders. 
